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CLOUD CHEMISTRY OF FALLOUT FORMATION

FINAL REPORT

by

J. H. Norman and P. Winchell

General Atomic Report GA-7597

SUMMiA.RY

A transpiration method was used to measure Henry's 1aw constants

as a function of temperature for cesium and rubidium dissolved in eutectic

CaO-Al 0 3-SiO . Diffusivitics of cesium, rubidium, potassium, sodium,

indium, tin, and iodine in this matrix and other matrices were determined

with either a vaporization method or a plane source- sectioning method.

Results of calculat.ons obtained by using a Henry' s-law-constant

absorption, condensed state diffusion-controlled calculational model for

fission product distribution in fallout are presented. This scheme leads

to the conclusion that fission product fractionation is mainly a property

of the fallout particle size distributicn and the particle sizes under con-

sideration. Also, deviations of these calculations from the Miller-model

type of calculation are considered.

The stabilities of the alkali metal oxides as determined by Knudsen

cell-mass spectrometric techniques are reported. The species Cs20(g)

and Cs, 2 (g), in particular, exhibit a much higher degree of stability

than has been supposed.

Electron microprobe c .--des of particles from a seeded Eniwetok

actonation are described. Thermal and chemical histories of some

pi.ticles are traced through dendritic forms, accretion events, occurrence

of the seeding elements, etc.

T.-',J:ts of some leaching studies, as they pertain to the condensed

: I ;:j, ,-. ontrolcd, fissiopi yroduct absorption model, are presen ed.
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f PL\ODUC TION

Studies of cloud chemistry arnd its effects, conducted at General Atomic

durinj the past two years,have been concentrated primrarily iz seven r-rean

Measuring high temperature equilibric between fine-ion Vrod-ucl

elemnentn in an oxidizing atmosphere and mnoltern hiiicates.

2. Me~urin~g diffusivlties of these fission prodlict elemsnt. in

theas Silicates.L
3. Measuring thermodyzarnic proportion of gag phase species.

4. Integrating data and concepts into a m~athem~atical dtscription

of the phenomenology imnportant in Usciblngthe dis~tri:t~o~

of fission prodtets In falioiit.

S. lnV41stig~tiO4 the distribu~tion - f fission products in la.1.loat.

6, Investigating the biological availability of fission pr~dducta fxnm.

7, Considering other cloud chemistry phtknomeina. they' Amoimo

and how thoy might' affect the constructed rnatheota~ikl d~g1.1ptioM*

Theme studies have led to a better quialitative and ,qu&=taitUv. t~degz

standing o~f the fractionation of fission products. durin4 fallcut toaiorna

a.-d its effects.

W-1I
7.N



STUDIES OF HENRY'S LAW CONSfrANTS

!NT ;ODLCTION

ii IPrevio% s efforti to determine Henry's law con stan~ts for cesi~iin in

mllickte& have bee described in 1ri. rc~orta. (ecause3)

kinetic d:tficufltieb and6 other experim~ental problerns encourte.-L-d in thue

previ~a studies, an effort has been mnade to perform transpiration studies

undiex =~rt fav xMblt conditioriN than were used be~oze The earlier

tnw~rspirati,6n studies wert ta~e at :rlow rAtei between 5 azd 200 c~c 0 2 /min,

L ~~vimre 4Wrf'!sion effects were believed to be rete-14.riting, That id, at p.v

j fltvw r ite fjtf les thaxn 0. cc&m±i diffuuioxa throujh the capillary wasn

v4s*L vaptir pre a stir mea suraments amd at ratem sZreater than

'~ *~~xao t cwie.is-ed Ptate diffusion was believed to be lmiting cei.i

avAIa&Wiiy. Foz the pro sent studies. two~ im~provemets were4 =d In th.8

tra~upiration syjt~nnm 14e first I~provneezt wasn to greatLy reduce the

uhroixb the cupillkry was lowered bry about a factor 4of te,-. The second

A4imp r ovon eznt warn to develop a method of datsana~slysis which allows vapor

<it pr-essurt =s~*&xur=Anu to be made in the pro oac of coaiderable
diffusiaza1 flow.

In ordor to 'iderst.-nA the new method, it is necersary to coasider
14)

the diffuuional flow-vapor pressure couplitg. Merton has presented an

analysis of the rlug; flo'w-diff.usional flow probifirn for transpirationa studies.

7 The result ho obtains by assuming tha~t the vapor f)-ow k (mass tramnhport

rate in the vapor) thzroUgh a transpirstion cxpillary of length 'amid crowss.

soctioma azta A can b4 described by

k A (Vc c

3

i. _V ~ ~ i



STUDIES OF AENRY'S 7 AW CONSTANTS

INTRODUCTION

Previous efforts to determine Henzy's law constants for c.uTiirn In
(1, 2, , )

ailicatea have been described in earlier reports, Because of

kinetic difficulties and other experimental problems encountered in theme

pievicus studi,.e, an effort has been made to perform transpiration studios

under more favorable conditiois than were used before. The earlier

trenspiration studies were madn at flow rates betweei 5 and 200 cc 0 /min,

where diffusion effects were believed to be -ate-lirnting. That is, aI gas

flow ratce of less than 5 cr/mW,, diffusion through the capilary wis

Srrslzroi vr r pressure measurements, and at ra e greater than

5 ./rn, co,densed Pta:e diffusion wac believed to be lirnlting ceuium

availability. For the presbnt studiec, two improvementsewor made in the

tranrpiration. system, The first improvement was to greatly reduce the

diameter of the capillary so that the rate of diffusional transport of cewium

through the capillary was lowered by about a fac:or of ta, 'The, second

improvement was to develop a method of deta anAlysis which allows vapor

pressure measurements to be madc in the presence of cons-iderable

diffusional flow,

In order to understand the new.' rethod, it is necessary to consider,

tlPe diffusional 11ew-vapor piessuit coupling. Mo rten14" has presented an

analysis oY the slt flow-diffuional flow px cblcni for transpiration otudies,

The reeu' he obtains bl asurning that the vapo r fiow k (inacs transport

rate in the vtpor) thremugh a tranep.ration cspillarr of length 7, and croa-

sectional area A can bt described by

k , A (Vc - dc) (.)

ani 2,R.



where V is the linear gas velocity, c is the vapor density at any point x

in the capillary,and D is the interdiffusion coefficient for the carrier gas

and the vapor.

Equation (1) can be evaluated for the inlet and outlet capillary boundary

conditionsx = c 1=c and x= 0; c =0, which leads to Merten's final equation

P k -- [1 - exp (vX) , (2)

where P is the species pressure at x = X, v is the flow rate through the

capillary in volume units, R is the gas constant, T is the absolute tem-

perature, and M is the molecular weight of the species. This equation

can be reduced to a type of universal equation for the purpose of data-

fitting:

K - eV (3)

where K = kX RT/DAMP and v = Xv/DA. A log-log plot of Eq. (3) is

presented in Fig. 1. The value of this particular plot becomes apparent

when one considers the asymptotes. As v goes toward zero, K goes toward

unity; and as v goes toward infinity, K goes toward v. To fit transpiration

data to this equation, one has just to plot the logarithm of the rate of

transpiration, k, versus the logarithm of the flow rate, v, and fit the

experimental curve to the universal curve by simple axes translation.

From this "best fit, " one obtains the "best" experimental values of

DA/X and MP for the experimental temperature involved.

EXPERIMENTAL STUDIES OF CESIUM AND RUBIDIUM

The type of data analysis described above has been used to study the

vaporization of cesium and rubidiumn from tbe 1450°C eutectic CaO-Al 20 3 -

SiO. as a function of temperature at flow rates between 0. 01 and 8 cc/min

of carrier gas. The carrier gas composition was varied from oxygen to

argori, to air, and to water-saturated oxygen.

4
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Ido
The experiments were porforn-med with the transpiration apparatus

shown in Fig. 2. A sample of the eutectic slicate loaded with either

radiccesiurn or radiorubidiurn was r-aced in the bottom if the transpiration

tube. The capillary tube was inserted in the varnple-contalning tube,

and the svsteam was then installed In a platinum resistance furnace The

temperature of this terr.peratuin-regulated furnace was measured by a

series of thcrmocouples which had b¢cn cklibrateJ ajaingt a standard

therrno;Quple probe placed in a tube similar to the transpiration

apparatus and sLmarly located in the furnace. Actual sample temperatures

were then measured with the calibrated therrmocuples. DurLg an

experiment, .th, carrier gas was passed between the capillary tube and

the sample tube and into theosample region. Aftar. becoming nturated.

with cesium or ruidium, the gas passed up the capillary, At the er'd o.

the capillary, a mullite tube very effectively removed the alkali-metal

vapor species from the c&_tZiv- ga8. After this tub wa* dthd fror........

the experimental apparatus, rhe amonto A1411 metal thatwas txa.iapired

and caught on the mullie was determined by countinj methods and rlted

to the measured flow rate of gas und the spezifi , artivity o. the &Xal1li

meta) For Ony subsequent experiment a n w.mullite tub. was jiw, tallad

to collect more alkali -ietsl vapors,

Lxanples of flow, rat, data fnr cesium and rubidiunm. are plotted in

Figs. 3 and 4, respective.v with theoretical curves includt, fot comparison.

Vapor pveasure data fron thm varied-temperature experiments are pre-

sented in rigs. 5 and 6 for cesiurn and rubidium in terms of Henry's law

constants. Tho equilibrium heats measured for these two eyetema Aere

79 and 83 kral/rnole, respectively, These data appear to be reliable.

It is interesting to note that measured vapor pressures of rubidium

did not exhibit a measurable dependence or carrier gas composition, This

result, which can be seen inFigm. 4 .&nd 6. appeared very controversial when

it was first achieved, That is, it was believed that the alkali metals were

dissolved in the silicate as a univalant ion and vaporized as the metal,

6
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FURNACE

'PLATINUM TUBE IN MULLITE
PROTECTION TUBE

ALUMINA RIN03

PLATINUM TUBE

2 COLLECTOR

PLATINUM CAPILLARY

THERMOCOUPLES

SILICATE SOLUTION CONTAINING
RADIOACTIVE Cs

Fig. 2. Transapiration apparatus
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However, the present data support the concept of the vaporization of a

compound in which the alkali metal is univalent but is not the hydroxide.

Since the discovery of volatile alkali metal oxides and silicates, this result

appears reasonable. The actual species transpired in these studies,

however, remains unknown. Further studies may help reveal some more

of the chemistry involved.

OTHER STUDIES

A study has been made to demonstrate the low absorption of iodine

in a silicate from an oxidizing atmosphere. When iodine in 02 was

passed over eutectic CaO-Al 20 3-SiO at 1200 0 C, the sample was found

to pick up 0. 07 ppm iodine. Based on an estimated experimentai iodine

pressure, this sample has a Henry's law constant of 1. 3 x 10 - 6 g iodine/g

silicate-atm iodine at the experimental temperature. This value is even

lower than that suggested in an earlier report on Henry's law constants in

silicates ( 5 ) for the reaction

1/2 SiO (sol) + I- + 1/40 . 1/2 SiO: (sol) + I(g)
2 23

The experimental and calculated values indicate iodine to be so volatile

during fallout formation that a more accurate value of the "enry's law

constant" would provide essentially no added information.

Indium transpiration studies have also been attempted. The volatility

of this element appeared to be very low. In such cases, the actual value

is unimportant in fallout. Transpired indium was not definitely identified

in these studies. It was found, however, that platinum metal absorbed

considerable indium from the 1300 ° to 1500 C glass even in an oxygen

atmosphere. Indium studies have been abandoned.

The earlier report ( 5 ) on "Henry's law constants" in silicates

includes values from the studies made at General Atomic and estimates

for all important fission products and some activation products not
le(6)

studied. This report plus one on diffusivities and another on the

12



condensed state, diffusion-controlled absorption model will provide infor-

mation to aid in calculpting the fate of various nuclides during fallout

formation according to this model.
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DIFFUSION OF RADIONUCLIDES IN MOLTEN SILICATES

INTRODUCTION

In Ref. 2, studies of diffusion in molten silicates were described,

During the past two years, diffusion atudies have been contintd, with

d~ifusii coefficients being obtained for the transport of iodine, rubidium,

potassLunr, ineiunr&. tiz, and sodium in the 1450 0 K eutectic pf the

C&O-Al 0 3 siO2 ternary. Diffusion coefficienta have also been obtained

for trineport of ceaslu in a Na 0-Al 0 -SIO matrix and in a matrix2 2 3 2
having the compootion of reinaorced conc'ete, Observation that the com-

ponsation law obtains for diffusion in silicates, combined with a correlation

found between the coefficients in the diffusion equation and the reciprocal.

effective ionic radius. has led to a method of estimating diffusivtties in

silicates with a minimum of experimental effort,

,.. METHODS ...... .. + ..

M The plans sour. technique and the v&_porization technique, as

described in Ref. 2. were uued to obtain th4 data contained in the present

report. For the rubidium, indium, and tin studies, radlonuclides

purchased from Oak Ridge National Laboratnry (ORNL) were introduced

into the silicate matrices at the 1% level. In studies involving cesium,

potasium, and sodium, carrier nuclides were introduced iAte the silicate

matriceis at the IS level and then activated by neutrons in the General

Atomic TRIGA -*eactor to provide radio~ctiva tracer isotopes, Attempts

to directly introduce iocti*e into the matrices were unsuccessful, However.
-- -'130

this problem was resolved by Lntroducirg enriched To into tht isicate
131

and activating it in the ORNL research reactor to yield I Thr.r,

I!7



DWTh'TSION (7 RADIONUCIDES IN MO.TEIN SILICAT.S

IN T RC'D UC ION

I>' Ref. 2, std46es of diffusior in molten eili .ate \'ere

During the p~st two years, diffusion atudtem hsve been conirued, with

diffusion coefficients ;eing obtaired for thm transport of iodine, rubidiurn,

potlsiiuin, ndium, tLn, and sodiu m in the 1450°1 eutrctic of the

C&O-Al 2 03- si2 tr.nary, Diffusion coefficients have also been obtained

for t anmport of ceiu..nm in a Na J-A1 0 -SiO matrix and ir. a natrix2 2 3 2
hawvlr the com-osti-o of reinforced conrete., Obaervation that the con-

pana&tion law obtains for diffusion in dilicates, conbined with a ccrm'elation

found between the coefficientx in the r lfusiUn equation and the reciprocal,

effictivA ionic radieu , has led to i met-hod of estimating &i uxivities in

sil.catem with a :ninirnurn of experimental effort.

The plane source technique r.nd the vtpoization tachniq-u., a;

de&,sribed ii Ref. 2, were used to cltaimi the dat-a contained L, the present

report For the rubidium, indirLm, and tin Rtudies, zmkdionuclPde.

purchased frcrn Oak Ridge National L&b'ratory (OFN! ) were in:roduced

into the silicate natrices a, tLe % lovei, In stud'es involving ce;un,

potasmiurn, and iodium, carrier nuclides were introduced into the silicate

rntriLes at the 1,Q level and then activated by neutrons In the Gent il

Atom!c TRIGA reactor to provide radioactive t.'acer isotopes, Attempts

to directly introduce iodine into the miatrices were unsuccessfu. However,

this problem was roiolved by inrodacing enriched Te into the silicate
131

and activating it in th-- ORNL research reactor to yield I Three

15
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milicates have been used .vith sorre or all cf theme tracers. T he corn-

poqit~ons of these ailicate are g ien in Table 1,

COMPOS:fIO OT 51LICATES USED

IN DIYF.JSlON STUD)I E

F AMat"iX
Comote~n I RC AQ '

4 7 13, 4, 0

Z 2. 3 1. 5

MviO 4. 5,
2~ 1) 2. 3.

KO 1 5 X

Ai 4 5 0 °O cue~i,

3al 013 ! K t t,

All o £ tnese natrices were gjImsy 1i niaturc bojore aid ,Iter '.le

cxperirneats cxcept for the PC natrix thit was imed in the Jrwest-

tenperature experin~ert, Metrices E anci AW rrcy be t-3Ke.n a 'e ;.euenting

geologically common ioilb, Motrix RC has t ccmxpo.itio. aL i tl o that

of reinforced co.%rete and certain basai;s,

R -E S U L1 T S

Exsn,ples of data obtained with the plane mourcR technique and the

vaporization techzique are shown ',n Flgs, 7 and 8, respbctively, The

data have bae,: found to exhibit an Arrheniuu dependence o f the dffusi n

coefficiert, D, which rnLy be written as

o D =A- BT (I)

NilNN• , "- .., r ,li ,,,L %%. :ji *. l~~', '-" . i ; . " ' .7 'v77 7 "", -.7 7 =, f ,".

!-f,' C~i. . l a!:-- .. " .....- ?,. 3 . V r . " .i , t v' _ .. z .. z .t
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Fig. 7, Exam~ple of t~ penta.tjon 6& from tho plxne-bour~e teclmu
iOZ ILiit trarbport irn the 14,0cK eutectir- i.f thio CO 3-SiO~

*tel'Ilry hit 1 1'58 0K, X im tl-.e penetr~tion distance
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Fig. 8. Example of data from the vaporization technique for radio-
rubidium transport in the 1450 0 K eutectic of the CaO-Al 0 2-SiO 2

ternary at 1722 0 K



7-,-

j2 -1

where D is in cr2 .ec and T is in K. The oeafficint B is related to

the activation energy V by

E* 2, 303 RB (2)
'-i

where E* is in kcal mole .

'The results of those expeilrnen:s are pre4irted i.i Table 2 and in

Figs. 9 through 16, where al! of the data liave been t :eate 'y the mnto

of lea.t sq,,rei with unit weighting The uncertainties are -h fo oIr

and t10 K for T. The uncertainty for D in not a standard deviation but

..... " 'includes, for example, compositional uacertainties .....

-Talie 2... . . ..

DIFFUSION COEFFICIENTS FOR TRANSPORT OF
RADIONUCLIDES I, SILICATES

Species Matrix A B x 10- 3

' E ?7 29 22#.i. , .,+..

,c a R, kC 6, 18 2 4
Ab E 4,2 7 18,2 . . . .

.. so 13 80,

n E 3.57 18,3

nE 2.49 11 7
A E 0. 14 10, 0

r CA AQ -2, 314 5, 7

DISC USSION

if one considers the value& for A and B given in Tab1l 2 and iln a pre-

vioua report on diffusion coefficiesuts,(2) one fins that a striking linear cor-

relation exists between these values, This correl.tion is shown in Fig. 17,

where the least square. line drawn through the points wa s determined to be

-3
A 4.52 = .5,79 + 0.564Y3 x 10 , 3)

%.,th B aiurned to be mealurtid exactly. Thm uDcertainty that has ben

asociLated with A is the standard error of estimate which ccrrexpcnd

to an urcurtaLinty of a factor oi 3. 3 for the diffusion coefficient, a remark-

ably ornmll u.,certainty. 19KL
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It is of intere~st '-o compare tkie rerults !romn thits LabL.ratary t.

tho bie repcortec' by othier laboratoriesa. At Gene ral Atrmnic a set of more V
*har 100 (A, B) points. incluading th'e 1 7 from the present atudies, has

beer. compilred Thin collection, whizh a shown in Fig, 16, includes

restults of istuudie of the ollowing nt'.clides 6i'fusing in rnany different

s~licate matrictri r magn- jum iodirle, ce siuxp. ruiiun otaamiurn,

todium, lit~'um ,indiurm Le.luri=z, tini antimony, molybdenum, strontium,

aluminumn, calcium, phosplhorus, sulphur. silicon, nickel, iron, vanadium,

niobium- and silver, Tho znti~ r~ig frnapiTple bknaxy silicates A

tu very comnplex one.a exhi.biting a. widot ?&no* Of chemical and physical

.properties. The approximate torrperatwkra raage c, Yore4 by the various
0studies VwAr "00c W~ 7000 K Abuut Z6' of the data are for dilusion of

sodium in low melting binarv& and ternarys, Because the 80d1UM dilta -.

are very similar and isoewhat repe,:itiijam t:iey have been grouped and

are represented in the c.4lcuaations and in F'ig, 18 as 4cur points, A leaslt

squa~res tre.%trent of all the IUfusion dat-1 yieldqld,

310' 3, = 9, 4 +i ). BE A. (4)

The standard error c.~f estir~mtv corrokponde~ to an,".icartainty for thq diliu-

sion coefficient of& !act,)r of 3-S Lt 17000 K~ which seema excessive, however,

considering thL, th,4 data were repovvd by many leooratoriss throughout

the world, that ieveral oxiparl'in-ntal tmchniq~ies were used, nd that very

diverse systems are correlated hare, the overall A:5 correlstion is

@urpricingly good It is notid that '.srtaln subsets olf he data exthibit A:B

CorreatonsM which have less o;,ttei th~in has the entire collection

The "nportazice of the A:B correlation to the fallout problem lies

in itsa potentipil vcrlue it a tool for predicting diffusion coefficients, The

need 4or a m~eans of 1.:edictling di~ffuiior, coefficlents becomnes obvious when

the effort involved in a piii'ely axperirnental program for determining

diffi-ion COeffients for the large array of soils and nuclides of intereqit

in fallout formation is considereC, Thu;s. with the use of the A:B

29
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correlation, if a value of A (or B) car, be obtained inaependently of B I

(or A), a -iffusion coefficient Lan be predicted for tra-sport of a pai-ticular

nuclide in a particular matrix. It 41.ould be emphasized, however, that

a]though the A:B cr 'elation seeems rea sonably rnatrix- independent,

individual valuer of A (and B) are strongly 3t endent upon cornposition.

One seconda-y resuit of the cverall. \:B correlation is \ norti r :t:g.

From Fq. (I) and (4), .)ne find# that, tor the present stt.diee only and

within the uncertainty of the correlation, all nuclides should hav-e a

di.Uusion coefficient o -7 M? s- at -. 580K ur a sligh:ly higher -

temperature, It is felt that this Is nct a trivial result but is sIsoclated

with the nature of te iyatern,

F,-iently, the A:B correlation found for silicates is only a special

came o: wh&t is called the qompensation law or compensation effect.

Another example of this phenomenon in chemical diff uion is found for

diffusion in metallic copper (see Fig. 19). Other examnples are to be

found in many other types of kinetic processes, As Ruetschi poinrs out, 4
the A:.B correlation has been observed for kinetics of homogeneous and

heterogeneous reactions, for diffusion:, viscusity, 4erniconductor con-

ductivity, and electron ernmlion, It has also been observed for dielectric

relaxation in a variety o glassy ntel'ials. (9) Reatschi ( 8 ) has publilehod

a theoretical treatment of the compensation law. He has shown that if the

potential energy dependence on interatomic distance is anharmonic

(e, ', , exponential), and if this dependence does not vary greatly for a

set of srniilar processes, a correspondence between A and B should be

observed, More simply, within a series of compensated reactions there

is a direct relationship between force constants of a vibrational by'stern

which is governing the diffusion (in this case) process and the bond

energies CASociLatd with thia systemrn

W'ith the ability to obtain A from B or vice versa esta,'liihtd, the

establishment of either B or A remains, Some progress toward simrnpllfying

this problem empirically hAs been made. An empi:ical approach to the

31
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proble.-n of prediction was einployed because Cierc appears to be orl ,

very linmited theory availeble with which to r:.ct diffusivitied in c1dicatea.

When the data for diffusion of cesiurm, -ubidiiaii, and sodiun in matrix E

from thip Laboratory were coneidered, a linear correlation was observd
-i

bet'een A (or B) and the reci.rocal ionic radius, r The reciprocal

ionic radius was chosen as a parameter because binding :orce. in rninerals

are often considered on the basis of the ionic potential Z/r, where Z i

the formal charge of a cation and r is the corresponding ionic radius. (0_

On the basis e_ the correlation for cesium, rubidiun, and sodium, values

of A and B were predicted for potaosi=rn before the experiments for

potalsium were initiated, The experimental values agreed reasonably

with the predicted values, as Is shown in Fig, 20. Also, it was later

. establiahed that the value of A ottained for iodine fitted well in the A:r 1

correlation ior the four alkalies If was alsun.ed to be the diffusing

species, Thus, if thIs correlation holds in another system two measure-

nents will suffice to astirnate diffusivities of many elements1

It is necessary to include in any sybten the nultiply charged species,

Diffusion measurements have bemn made for indium, tellurium, tin, anti-

snony, &nd mnolybdenum, but attemppt to includu them d~roctly in an overall

A:Z/r correlation were not successful. On the basis of the present

limited data, an empirical effective ionic radius appears to allow

representation of multiply charged Ap.ciel. Thus:

I. For singly charged specie , the effective ionic radius, p, is

identical to r. For halides, r - p is tha. radius corresponding

to the X" I oxidation state,

2. For mult!,#ly charged species, th', efoective ionic radius is

p 0 1. 59 r, where r is that ionic radius corresponding to the

rnQst probable oxidtior. Ctatc .n the silicate at high temperature.

This correlation !or the present repults with matrix E is shown in Fig. 21.

In this figiire, the line cit-wn through the points resulted from a least

quares treatment of the cata which gave

33
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Fig. 20. Correlation of coefficients in the diffusion equation,
log D = A - BT - 1, with reciprocal ionic radius for diffusion
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A =0, 38 12. 35 -11 ,58 p (5)

v here Lhe unrcertainty ie the standard error o: estimate, Thus, from

Eqs, (3) and (5), one obtain-

(lcg D) t 0.86 = 2.35-11.58 p -3Z. 16 x 10 T +20.53 x 10 P (6)

fro. which the diffuiv.,,y of eorne particular opeciea in matrix E can be

fcund, It is emphasized that Eq. (6) pertains only to the 1450 K eutectic
of the CaO-A z0 3-SO 2 ternary. The coefficients in Eq. (5) may change

strongly if another inatrix is considered,

If theac A, B, p coi relationx were to hold for another matrix, then

orly two diffusion measurements with two different species at T 0 -1600 0 K

nesd bz made with the new matrix in order to ma6ke diffusivity predictions

for other speties in this mn.trix, The value 1, 59 as applied to polyvalent
species alone Is not scientifically pleasing, &nd it will be neceasary to

attempt to clarify the Atp correlatioa further,
. Th A:p correlation found in this Laboratory can be tesoted some- F

what, Ralkova(1 l has reported diffusivities for transport of strontium,

cdaium, potaseiurn, sodium, and lithiurn in a low melting silicate; for the

four alkalies at one temperature, her data are given as a linear dependence:

log D w -n +np , (7)

From her data and Eqs. (1), (4), and (7), one finda

A t0.09 u 0.36 - 3.64 . ()

This result is shown in Fig. 22. It in noted that the value for strontium

is in good agreement with the other species if 0(Sr) w 1. 59 r(Sr )

A report treating diffusion tn silicates as it partains to the fallout

problem is being prepared at Generul Atomic, Included in this report will

be a more detailcd discuxson of the AB and Ap" correlations and pro.

dicted diffusivities for a number of important fission products In at least

Lhree silicates.
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STUDIES OF THE THERMODYNAMIC PROPERTIES

OF GASEOUS SPECIES

INTRODUCTION

Interest in the behavior of cesium and rubidium during fallout for-

mation has led to an investigation of the vaporization of the alkali metal

oxides. During the present reporting period, an article entitled "Knudsen

Cell Measurements to Determine the Stabilities of Gaseous Cesium and

Rubidium" was written.( 12 ) In addition, an article on the gaseous alkali

metal oxides is being prepared for submission to the Journal of Chemical

Physics.

Silicate studies have been made for the purpose of correlating the

gaseous cesium oxide studies with transpiration results presented in the

present report.

Mass spectrometric studies of the gaseous cerium oxides have been

initiated, and preliminary results are of considerable interest.

GASEOUS ALKALI METAL OXIDES

In 1951 Brewer and Mastick ( 1 3 ) calculated the stabilities of the

gaseous M2 0 alkali metal oxides. Their results suggest that only Li2 0

is stable enough to be easily detected. Indeed, they calculated that the

stability of these oxides decreases in the series lithium, sodium, potassium,

rubidium, and cesium. Cesium-oxygen bond energy was calculated to be

12 kcal/naole. In studies performed under the present contract, a.

measured value of 69 kcal/rnole was obtained for this energy; that is,

gaseous Cs 2 0 is a reasonably stable molo-ale. Other M 20(g) molecules

Iave L, hen experimentally judged to be reasonably stable also, though less

3()



so than Cs 20 or Li 2 0. It is believed that the main reason for the high

degree of stability lies in the high polarizability of the larger alkali metal

ions, as has been suggested by Klemm and Scharf. (14)

The thermodynamics of the gaseous alkali metal oxides id summarized

in Table 3, the heats of formation are second law heats and the entropies

were derived from relative ionization cross sections and a pressure

zalibration. The uncertainties in the heats thus must be reflected in the

TAS term and an additional uncertainty from the pressure estimates

combined with it to give entropy uncertainties. Temperature errors

during these studies are believed to be small.

Table 3

THERMODYNAMICS OF FORMATION OF GASEOUS ALKALI
METAL OXIDES FROM GASEOUS ELEMENTS

-ZHT -AST T
(kcal/mole) (e.u.) (OK)

Li 20 104.8±1.4 28. 7 1500

Na 20 59.3±2.2 35. 9 1100

K 20 58.2±3.7 36. 8 1050

Rb 20 51.4±3 30. 5 1100

Cs 0 77. 1±6.3 34. 7 1500

Cs20 2  98.6±6.5 53.6 900

CsLiO (90)

The Li 20 studies can be compared with those of White, et al.

in which a very simiiar second law heat was measured but the entropy

term was taken not according to cross sections but to LiO transport in

vaporization experiments. The latter approach apparently is the reason

for the differences between the results obtained in the present experiment

anrd the results of White, et al.
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The data of Table 3 point out the stability of the alkali metal oxides

and suggest a considerablv different behavior for cesium and )i-lHill-r 4r

1 fahout formation than had been suggested in the came of low oxide stability.

A more complete description of the findings deacribed above can be

found in Refa 12 and 16.

CESIUNi SILICATE STUDIES

The results of cesium and ribidiurn -ranspiration studies have

suggested that an oxidized inetal sp( cies is issuortant, and the recult5 of

rnass spectrometrtc itucieB have pointed out the importance c, 'he oxide

species of these metals. An attempt was made to correlate these qtudies

by observing through mass spectrometry the molecules effuaLng fronz. an

iridium Knudsen cell in which cesiumn oxide was dissolved in a calcium

aluminum silicate sample. aseous species recogntQzed in this study wezv

cs, Ca 0, CA SO CA MoO 4, and CalrO (where n r3 and possibly
2' 2 3' 2 4'

less), The Cs MoO was from a molybdenum cell contaminant,a 4
Expectir4g the Cb to be the dominant cesium gaseous species during f.Il-

out formation seems unrealistic, since it has been determined that the

ceniurn-oxygen bond energy i 69 keal/mole. This is sufficicnt reason to

believe that cesium in an oxidiaing atmosphere at tcmperatu~esn of intere;t.

to fallout formation (10000 to 2000° K) will tend to be bound to oxygen

i-n sorne way,

On the basis of the mass spectrometric work performed, it appears

tliat i molecu le lsinar to -he cesium silicate gaseous molecule may be

important to fallout formation, Cesium hydroxide should aliio be considered

as a gasnoum species possibly important in fallout formation,

CERIUM OXIDE STUDIES

White, at &I. , (17) reported the presence of CeO 2 (g) in a study of the

vaporixation of CeO2 (), The presence of this species has boen confirmed

41
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in this Laboratory.. In fact, when an iridium Knudsen cell initially

containing CeO (s) was used, CeO 2 (g) was the only species observed to

be effusing from the cell. Over CeO 3 (s) the species CeO(g) has been

observed, and over Ce 0 both CeO(g) and CeO 2 (g) have been observed.
2 3+x2

Measurement of the stability of CeO 2 (g) by proper chemical manipulation

is planned.
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A CONDENSED STATE, DIFFUSION- LIMITED MACDEL

OF FISSTON PRODUCT ABSORPTION IN FALLOUT

In t~last rL!Port, (2 it was statcd that '.t seem'e6 pos Hibie to construct

a -nathnratical macel ernloying di L~sivity as rate limiting in the a~scrrotlon

of fission products in iaor mation, A rejport lias since sDeen pre -

(6)
pared which describes such a calculaticnal programn. The basic calcu-

lations involve a timne-ter.,perature stepping system wilth rnass balances

na.de &t each step, in which the surfaces of all particles Are assuamed to

achieve equilibrium with the gas phase but the penetration of fiasisoi products

into (or out of) the fallout particle is considered to be dffuson -controlled,

Thiis is done for a field 0i various-sized silicate ftllout particles which

are assumed to be nonvolstWe, internally nonconvecting, And rinagglcirera-

Ting, Fission products arc decayed after each tine -ternp~rature Htep, and

up to six isotopes in s. decay Chain can be a-andled, Cloud temperatures

are talken to be homogeneoua in the eXPanding cloud volume, Li &lso are

particle distribution and gaseous fission products Clouid v\'ure s and

ton.peratures LIO eprovidld to the systemn &z itep functions of tirne ac deter.-

mined by the yield of the device, Fl.sson produ,,ct yields, cloud io.1 content,

initial teMperatuire final teniperatUre, And temnpercAre irtorvcde are also

inpat infoirnatior.

Some of the results of samrple calculations obtatned '.sing thlg proirern

arc &Is,) considero6 in th4 s rejport. Tn these ciilculitionh exnnplvp oi k

re.'ractory rTrd a volatile chair, 95 and 137, reppectively, were selected

for study. 7T4e1 results §hould deMOne~t1t 'he diif.*.enLe in behavior for

exrs: *e cases with v'arying conditions Lund thus provide lirnito o babsvor,

In theas shnple aLICU16ti~ns fzrball volumesp wtre scaled %Lac-rdinj to

~4j



MAiller E de ac ripti on; .the standard, airount of goil brought in:c '-u cloach

Jwaas s als cadaccordng to a demc ripticn by Mifler, the standard

law conslants were -.ak~n from Norman; dxperimental and e stirrnated

diffusion coefficients were employed ai rneaasireE or estimated in stud~ies

repurteoi here and in a previou q report; initial fiasic% p-roduct yield.9

were taken according to Crocker; half lives were taken from Croc!ker,
(20)

Scheidt, and Conu-ers, and total iiss~ons wore scaled as a func-ion o:7

weapctn n is so- y,.eld according to Mfu

Sever-al pr:;grazm- varialbleti were iri-est~jated in ocdur to 6einonstrato

the 6egree of duperidence of the calculational system on these variables.

For instkmce, the V8.1ilition of results with the iic of thae temnperatare

Increment mnust be van ,shingly small for the selected temperature icre -

ment as armaller increments arc considered, Also, the verisation of rosu. te

With chOice Of in~itial Alld fla.l CalcZUIational ten~pcraturfls should be defined,

Finally, the fact that the parttcle size distr- uticn enploy,,d is ida.11,zed-

that is, somne selecteC radii repre sent. all of the rnaso of the particles-

was coribidered.Th, ~ werQ Invsagalted arnd Ottr to be s~i~c

Ftoril y unerstod Is 6,ernstratod inthis report.
':his inv..tlgation d1crronotrated the effectpi f condei., ad vt~te diflu-

sion in. Ci fgliOUt CLICulational model cmbodying tnls pheomorn. It it

interesting to co'nparo results using thus system with thn Miller model,

wherc diUffsioih is dserez infinitaly fart above 16~73 0K and nciligibly slow

below this tcrrnperaturc. F!or the cais ol the highly absorbed nuclide chain,

the cnly noticeabe differ-,nce is that the ci~1c"I& tiona o.- thQ livrgir partiule s

in the dilfii-controb.ed mv~dol suggebt that a~uilibriurn cc'ndituong MAY

no e attainod by thc ss particlm4 dring fallouat iorrati~n, EquibriumJi~co ini:; pro~ic ta ait absor'ption behavior whic- .varieswi'.h r)NvLilP

. il ,C pr~t tv corminiv:ictation, NI Y m r1)5

I2
f d~f ~ ~ 7:



size. Miller's model assumes no absorption difference with particle size.

In the diffusion model, cooling rate will slightly affect absorption, while in

Miller's model it will affect absorption only to the extent that this quantity

interacts with fission product decay. Radial concentration gradients are

predicted and demonstrated in the calculational report within a fallout

particle with the diffusion model, while with Miller's model there are no

concentration gradients within a particle, only at the surface of the particle.

It seems reasonable to state that the diffusion model provides a more reveal-

ing and perhaps a more accurate calculational tool for considering fallout.

It is, however, a limited model, and the assumptions underlying the develop-

ment of the model should not be ignored.
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ELECTRON IMACROPROB E STUDIES

Duiring the present reporting period, electron mnicroprcoe studies

on sectioned c,.Aecttd fallout were rontiinued, Previcu sly, inhaocgeneitien,

examples6 of accretion events, and lead coats for particle8 frorn shot

;oimnie Bay ha-' been. demnstratcd, (2) ,i- a re sit of those stucles, it wag

proposed that an £niwetok detonation that was seeded with various ninerals

be investigated specifically to dot er nn the distribution of theme rninerLIS.

The results of this iavestiga tion arts dos$uribed below,

On the ground %Andor a relatively small tower s ,ot large quantties

ol the minerals K.AlSi 3 0 8 1 BASO 5'i 1 TiC 2 and Zr.SiO 4 were spread,

Theme mninerals wore incorporated into the nuclear Cloud and becamne

distributed in the fallout from this rloud, A bottle Of Coral sAnd A=~ fallout

was obtain~ed fromn C. E. Adarms o.1 USNRIDL for the purpose of otudying

the seeding elements ir the fallout,

Fallout particles int the coral sand could be recognized usaing auto-~

rdioirpphic techiiques, By uping tlbse tchniquos and developing aorne

familiarity with the@ appearance of fa.UIout p*.rticlem~mr4 t of the radio&Qtivity

in the sanid coul1d be selectivoly removed with a relatively smna.l number of
6o 155

particles, A totrol of 75% of the Co .55% of the radioisotope s (Zu etc,
1- 7

CLUInj the 0. 080 MeV radiation, and 17% of the Cs was removed in this'1 137
fashi-n. The Cs appeared to be rather generally distributud in the

coral send am it it wore mainly deposited on the sand itself, This might

have occurred wlian Xe 17decayed to Cs 3 an~d deposited on the sand or

possib , on somne tarry material which latar beCaMe ASISOCitd with the

boknd - (A tarry, HI Arcoluble material was founct to contnin considerable
137

CsM .
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Th-ree types o.: falleu t particles were recogrizi-e.

1. B3:ack sphe-,roidal parttcles, u.-ter cer-arrniz coatedII . Ceramnic a'eheruidal narticd, R-i- 4- -1,-S~-
were oftern rovnd flist together.

3. Irregular ceramnic narticles where coral sand har- apparenitly

been exposer. to a heat (anid fissicn product) flhux but rnct to the

extent th.at tho particlea totally melted,

The irregular particles ,-ere i-iore rumireretta than the ceriurnic

87)heroids3 andC theI ceramnic spoheroid:s vwere -nmch =r re numal ous than Q!-e

bpc~he,-es- r a jiven i-.l they v, re iourd In the r&Lu i6Q:1I3U 30,

re ispe cilvely. Of the ratlloactivt'.y in th2, de scribed Pample, the black

upheroidd contikined 25%c, 4011', Az~d 47o, the ceramic spheroids 327a, 17%,

and 57o and the ceramic irrej-ulAr partic.em 18%, 0%, and 7%o, respectively,

of the isotope Co 6,the isotopes jivirj t'- 0, 080 MeY '-', and the ixotope

Microprute ditvdiea au,,orte the beifthat the irregular particles

were p&rtially Noed cural cand, The surface layers of 'che~e particles

Senerally cornt&ined tower i:on in the form of iron droplets and/or a

diffuutr siur(ace layer of thib element, Tho seeding elements potassium,

alUMinam, b~arrim sulphur, *ilicon. titanium, and zirconl=m, --ware dis -

covered in the separticlem only ir very imall amount4 near thtest.1ICe. A photo.

micrograph of an irrejulsr part -le highly loadad with iron is shown in

Fig. 23L, r'1~ure 23'. in in slectron backscatter m~croprobs picture and

Fig, 23: is an Fe K 0mic roprobe PICLLure of the same partic.s The micro-

probe pictAres are taken by Pcam~ir3 &In exciting, highly focused electron

beam over the surfacb )i' the ppei-ticle and photographing the f~ce of an

Oscilloscope, %whCi' the paL'ticLe rRsP01111 to the CXC.It~ng rlectrzn oarrt

is presonted as A funmtion uf po .i'ion on the face of .he particle, Tn

Fig. 23k, the Itrter~sity of thi. bckarattoiod uloctron Pignal car. be obosrved.

This signal is a senaitive irneasure of the molecutlar wslght and topogiaphy

Of tht7 1POtiCS being bjrnbarded, II J'q 2 3 c, the irtesitjjy of the K, X-A LY
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(a)

~ ,)c)
1 ig. 23Photographs cot a se',ticormd irregular p .rclcle
(.x p'noto .- ic rug raph (b) cIectror, back scattL-r picture,
liecld - 2 O 4 ~x 25O (aWi rni, roprobe pictureus are ti
field 'inloss otherwise stated); > c K. picture
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a function of electron bearr position.

The resul~a sho wn in Fig. 23 provide a good de.cription of ,he

particle. Th( mnicrophotograph Indicates a brilliantly whitc particle core

urounded by a darke.- band of material which is in turn surroundcd by

the rnounting resin. The pu-ticle core has been found to be a material

with a high calciuUI content (CaCO CaO, or Ca(OH), The eec'r n

backscatter picture is -irosented mainly to demionstrate th: bourdarieb of

t0e particle. The Fc K pictu 'e wab taken with the S:knuplt c .'e:t.d

idantically as in Fig. 23b, 6o that superposition of these two pictures

provides proper positionial infornation, Note that the high iron areas

near the surface seem to be coated. Also, the pretence of some iron-rich

spheroids in the iron layer is apparent. Thie particle thus would seem

to represent in incompletely inolted grain of coral sand, bombarded first

with tower debria and then coral sand debris. A more typical irregular

particle would not exhibit as much iron or as heOvY a final calcium coat,

A.;othur. i:on ooundAry is demonstrated in the Fe K a picture of

another particle with a high iron content shown in Fig, 24, This picture

cleairly demonstrates the frequently encountered irectional nature of the

iron coating.

The ceramic spheroids possessed very many more particle structure

features than the irregular particles, but these particles *lso did not

contain qufficient quikntities of seeding elerrents to warrant extensive

Lud'y 7he particles shown in Figs, Z5 through 28 are interesting

exaopl] o L t,is type of particle.

The bright area in Fig, 2 5 a appears tr be sirnilhr to the central
f

regions of the particle in Fig, 2 3 a and corresponds to a high calcium phase.

Two darker spherical-appe.ring portions at either end of the particle ano

other irregular features can bo distinguiphed in Fig, 25a, Tho portions

of the particle with high electron backscattering are mhown in Fig, 25b;

the iron distribution in the particle is shown in Fig, 25c. The two large,
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Fig. 25. Photographs of a sec tionud ''ophtaroiJMl !iarjiic1:'' pctl(I1 .
()mic rophnoograph; (VI ulactron back,,cattur pIcwur, 1c) Fu K picto rc
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Fig. 28, Elactron back scatter picture 3f a vaationud
4tpheroldal cora ric' particle
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iron- rich ,,Phere s seenj in 0-.e mli( rnlc ~

Fig. 25C.- ThiB Fe K Ckpicture 6 efinitely indicalue the importance of

aggiorne ration proc esses OCCUrring irl fallout formation.

Figure 26 also dernoniitrateb %he agglornerative phenomenon. in

fallot Note that in these pictur,.,a the boundaries of the -)article extend

beycnd t ie high iron areas, Also, spheric.al iron inclutsionb, can be seer,

i thte particle (ao can sorne iron inclusions that are not spherical).

Figure Z7 bhows another particle which hias experienced a high

degrc, of agglom'i-at. ln. The Fe K an d C , K pi-ture- ar. vury

treprePs.n:%tjve uf aig1orne ration of high Ca-Fe spheres in~ a calcium-rich

matrix. Again, the feeding elements could at best barely be detected.

Figure Z8 i@ an electron backscatter picture of an interesting particle

where two i~rgt, calcium- iron- rich spheroidal particles agglomerated

An~d thezn were ..oited by a high calcium phase,

A ftucy of this type of ceramic particle emphasizes the importance

of agglomezeation. Th~ie particles generally seem to be agglomrerated

from vnrrI4~er perticlov mxd often are coated with a high ca.ci urn phase,

"Khle the PAi-tiClee appear to have been mw~lton it stemis obvious that

some soli4~fication occurred beforo agglomeration. Particle solidification

behavior acccrciing to the phase diagram would be unlikely to result In the

spheroidal Z(C&O) ,Fe 0 iUclusiona observed. The lowest melting phas

in the particles would appear to be the iron -calcium -containing phase of

which the spheroidal inclusiotis seem to be mrade. This might suggeet that

thte prasurnably more refractory particle coating was acquired after

volidificttion and phi-ticle agglomeration occurred. Cortairdy, much

informaticii about fallout larm.~tion phinomena can and needo to be derived

irorn ceramic particle studie/s such &N those described here.

Std f owe black spheroidal particles provides more insight b-,to

the fate of the s ieding lenient6. Over 40 black spherical particles have

been oubjected to mrriroprobe investigation, This group of particles can

be clasnfi')d as two magn~etite particles (Fe 3 0 4 ) which tre very low inI 56



calciu and teeding eiemnenst; a tew particles exhibiting very unusualI!
eature . .... -" ,- , e t - tir ,vpnt, nine. we-,1. formed dense tar.ic'u.

showing strong evidence of dendritic precipitation of a calcium (oxide) :i ]

phase,- five more pa tices vit rr.any of th properties of th,: nine parttiles

just described, bct generally not af well ormed, hnd 'iie !emaining

particles, which appear to be to a greats, or lesser & -ee porous pre-

cursors o: the well fornred, dense, dendritic type p ticlc 5. Se- irn,

elernents have Leer. fouid irn irany o! the re particles, and the well for:ned,

dense particles characiteri'.ed by their dc,-d;iL arc rviutivct} rch :n

these elements.

Further consideration of the dendritic-type particles yields very

interexting information. The refractory seeding elernente are fou:id xearly

uniformly distributed in the prominent Z(CaO) Fe 203 phase of these

particle#, and 0he accornpinying dendritic, high calcium (C&O) 1phase is

found to be nearly devoid of seeding elerments, &a would be expected if it

is a precipitated phase, Also, no t4.0 particles appear to have tht same

concentrations of seeding elerments. The secding elements sulphur and

potassium behave sorn,'vhat differentlyIrom the refrsctory elemenis ant

generally seem to be found in segregated areas, often near the surface Qf

a particle. Occasionally, one can distinguish seeding minerals theznsmtlvvs

For instance, barium was found to be more crncentrated in an arba near

the surface of a dendritic-type partirle, where the sulphur content was

also high, Spots of silicon weie also encountered The concentration",

at whii.h the seeding lem nts are present in the Z(C&O), Fe 2 0 3 phas., f

theme particles generally range up to a few percent for a particulr r

element. Some of thewe particles contain several of these elr'iits in

zel-tively high concentrationh,

In Figs, 29, 30, and 31 the progression from porou'L, crAckke

paiLicles to dense, dandritic-type partilies is shown. The particle ihown

in Fig. 29 appears to be severely cracked and ha'o a lrrge tear hole in the

centor The cracke are apparant even in the Za K picture, where cyacks
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(a) b

(c)(d

Fig. 30. Photographs of a sectioned Dlack spheroidal particle:
(a) rnic rophoto graph; (b) Ca K~j picture; (c) Fe KC, picture;
(d) Si K., picture
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(C) (d)

Fig. 31 Photographo of a sectioned dendritic black sphtroidal
particle (a) rnicrophotograph, (b) Ca K. pictu.re; (c) Fo ~
picture; (d S K~k pic turQ

b



Fig. 31, Photograpt ri of a se'tniacd dendrilic ble.:I 8pheroihud
particl~e (e i La p.v, turc; (f) Ti Kv, picturc, ,) Ba
Pic: urv. I (I S K.. pi u



Fig, 31. Phrotogeaphs of a 6ectiorned dendritic bliack
gplieroidul ptrtilce (1) CI K(j picture; (j) K K~ picture

62



must be fairly deep before they can be observed. Note that the tear hole

detail does not appear clearly in the Ca K picture but does in the Fe K

picture. In the Si K picture of this particle, a few small high-silicon

specks appear on the sectioned face. Figure 30 shows a particle with few

dendrites, some cracking, and silicon spots. The silicon, however, does

show some tendency toward homogeneity. The particle shown in Fig. 31a

exhibits a well formed dendritic structure. Most of the seeding elements

have been easily detected in this particle. Figures 31b through 31j show

elemental distributions. The Ca K picture and the Fe K picture indicate

that the dendrites are a calcium-rich, nearly iron-free phase (CaO), while

the matrix is apparently a 2(CaO). Fe 2 0 3 phase. The dendrites suggest

that the particle, whose total composition is rich on the CaO side of

2(CaO). Fe 203 was at one time molten. On cooling, the CaO dendrites

probably precipitated until reaching the temperature at which the , ectic

matrix solidified. The eutectic matrix is indeed close to 2(CaO). Fe 2 0 3

in composition. (21) The refractory seeding elements silicon, zirconium,

titanium, barium, and aluminum (not shown) have been found in the

2(CaO)- Fe2 03 pnase and, within the sensitivity of the probe, are rot found

in the CaO phase. This does not seem to conflict with the proposed mode

of formation. The seeding elements potassium and sulphur (and chlorine)

have also been traced in this particle. These elements are associated with

a surface feature; the potassium and chlorine also appear together in one

spot internally in the particle; and chlorine in particular appears to some

extent in spots throughout the particle. These latter two features are

in conflict with the statement that the whole particle was molten. However,

since the particle structure is so well defined, it is perhaps plausible that

the high potassium and chlorine spots are a contamination problem. The

surface feature containing the sulphur, potassium, and chlorine has

probably been agglomerated and is not inconsistent with the previous

melting argument. If t, melting argument is accepted for the case of

this particle, it is easy to believe that the particle in Fig. 29 did not
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experience this phenomenon since it does not exhibit a well formed

dendritic structure and the distribution of the silicon is uneven.

Figure 32 shows more detailed pictures of a repolished surface ot

the particle shown in Fig. 31. Whereas most of the microprobe pictures

in this report were taken of a 250-p square, these pictures were taken of

a 50-p square. The Ca K pictures demonstrate the difference in the

calcium cbncentrations found in the matrix and the dendrites. The Fe K

picture indicates that the dendrites are low in iron. The Si K and the

Ti K pictures suggest a high distribution coefficient for these elements

favoring the iron phase. The Zr L and Ba L pictures might seem to

suggest a slightly lower distribution coefficient, as there is measurable

response from the low iron areas; however, muchof this signal appears

to correspond to background. Some correspondence between barium and

sulphur (BaSO 4) is demonstrated in these pictures at the surface of the

particle, where the barium and sulphur signals are high. Note that sulphur,

a volatile element, is not detectible except at the surface of the particle.

In Fig. 33 the particle with the most extensive dendrite structure

encountered is shown. These apparently hexagonal, Christmas-tree-like

dendrites are also a high calcium, low iron phase. W'hiL'= this particle is

not highly loaded with seeding elements, it is apparent in the high magni-

fication pictures of some of the dendrites that at least silicon and titanium

are associated with the 2(CaO). Fe 2 0 3 phase. In the lo-wr magnification

pictures the agglomerated and small high iron particles in the coating are

noteworthy, as is the dendritic structure.

The information on elemental composition derived in the study of

the black spheroids is summarized in Table 4.

There would seem to be two processes by which the seeding elements

could be transported to an incipient fallout particle during fallout formation:

(I) condensation from the gas phase and (2) agglomeration of particulate

matter by ai fallout particle. Occurrence of eitler of these processes while

fillout narticle matrix was inolten and very mobil-, could lead to nearly
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patcl(a) (brpaorp ;() AKIpcue c) eK

picture; (d) Si Ka picture
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Fi.32, jPhctojvph, of a scc tionud Oindriti b1laCk hipheroichil

pp, tic I e (v,) Zr Lj pici.111u U)'iK. picture (g) Ba L
picturo (h) S K(Y picture~
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4(b)

~c) (d)

3 33. Photos ziyh. o~f a dorndritic black sphu~rcidal pau'ticlo
(u) iic-.r.photo g inph (b) Cix K., pic tu rt C K., plc txrv

(d) C Kci ictu7



Fig. 33. Photogriaphs of a do.idritic blAck apheroidal particle;
(ui) Fu K. PiL'tire, (f) SL K., picturou (g) Ti K% picture



bn

8~~1 0 00Q140

Aooo oo ouoooooooooo

! °

69

Lf- 4w

Bn I

-J '~ _



II

I o o o o o o o-
SqSr

... ... i4•

.1

_ 
I_

-- A

I * -'- ¢,L? ' .a.=-;: ,: :.. -:,: i o " -, ,.,, ,,e , , ' ' , '

ram "m'm "v~' ' 
i i



homogeneous distribution of refractory seeding elements *.n the fallout

particles. However, if the gas phase condensation is the important process,

the gases in this ease were certainly not uniformly mixed, since the

particles are generally not similarly loaded. While it is reasonable that

the gas phase was not uniform, it seems at least likely that most of the

refractory seeding elements have been absorbed into the molten particle

mainly by the process of agglomeration. This is strongly indicated by the

spots of seeding elements in the particles which apparently have not

experienced as drastic a thermal history as have the well formed, dendritic

particles.

It is enlightening to reconstruct the histories of the various particles

studied. First, the magnetite particles, which should have a melting point

of around 1870 0 K, (21) apparently were not exposed to much hot coral. They

must have been formed from the tower and remained in a region essentiall-r

devoid of calcium. It is thus likely that these particles were thrown out

of the fireball at early times. The well formed dendritic Darticles

encountered considerable amounts of material from the tower and also

from the ground. They must have been completely molten (the melting

point of 2(CaO). Fe203 is 1450 )) for a relatively long time to uniformly

pick up seeding elements. The well formed, large dendrites would seem

to indicate relatively slow cooling rates. The observed coatings apparently

were laid down after the partizles were formed. Other black particles

which have small spots of seeding elements rather than dissolved, well

distributed large quantities and lack the well formed CaO dendrites, were

therefore probably exposed to lesser temperatures for shorter times

when the seeding elements were incorporated. The melted, high calcium

particles must have encountered a high thermal flux, but the seeding

elements were apparently overwhelmed by the amount of coral sand

available in the formation of thi3 type of fallout particle. The irregular,

high calcium particles were only partially melted, apparently having
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been exposed to thc mildest temperature histories of any set of recognized

fallout particles.

T summarize, it is apparent from the studies discussed above

that one should expect to observe particles from a nuclear detonation

near a land. surface which have widely different compositions reflecting

the inhomogeneities of the land surface, inhomogeneities in the cloud,

and a considerable degree of agglomeration.
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PARTICLE LZACW25:TUDIESI SIMT-LATED FALL-OUT S TUDlE~S

Since the diffusion-condtna~tjon model will requii-e sor -c le~aching

phenomxena description, it wac delied to~ .nvo~tigate thte problern. A

curaory study waai nitiated u3ing s~lica~e E with radiojoiine tr;.cier. Th c

lEachiflg data, which z-,e nrce~ec in th.s vnct~un, tbiu pertai-n to i

special C~ts": a refra.ctory matrix contw1ning harngoneously distrihu;ed

A portion. of the glass was ')owdmred, passed through a I 00-mash

screen, And dried at -I00C Weighed samnples wo(Ft placed in double

hickaess No, 4,2 Whatm&A.rk j1t~r papers which wore stpported in funell

equipped for saliquoting from the tip, Periodial, 5 ml of leachant vwero

added~ follow n'd ra iring of the previous leachant, ond the aliquot Nvas

mada up to F Q ml anid gamma Rikaly'sed using reppodacible gometry.
Leaching wiim carried out at, roomn tempseraturs without agitation, Because

of the low leaching rates, initial leachin~g times were & ocut 2Q min, with

the longest oxperirnent lasting 2 days. This i.,tsrvl would *atr to be the

most important biochemically following ingeston. of particies.

The following four loichanta we.vre , zed:

Rcmarks

W3l ? o repro'sont the human ston-ach
Tap watvi S. 3 Colorailn i±ver water
fDOr~tLzd Wattar 7 To rrsprewen rain water

)0~i Foa:.comnparison.

Since a surf. e area measurement has not been obtained for tho prepared

sample, the r .3v.ltf can only be placed on a ro~iprocal weiSfit bas1% ftt

this tirne. By photomicrogra phy, the parti':les were fou;z, to be r-oughly

100 As In l"diarnWler, 11

~ ~ -73
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The leachi.g. data ai'e shown in Fig. 34. It was at first felt that the

mechanism of leaching might 'e diffusion-limited t-ansport of the leachant

into the matrix or of radioiodine out through the leachanit. If this were

the case, since only about 1%6 of the activity was removed, leaching should

be proportional to t 1 / 2 (Fick's law). This dependence was not observed.

However, the data can be described by the Elovich equation, which has

found wide application in chemisorption: -)

dQ = a exp(-aQ) , (9)
dt

where Q is the amount of material desorbed (sorbed), t is time, and a and

a are constants at fixed temperature. By assuming that Q = 0 when t = 0,

the integrated form can be ie'xitten

aQ= log (I +aat) (10)
e

The present data can be fitted to Eq. (10) by using the values of a and at

given in Table 5.

Table 5

COEFFICIENTS FOR THE ELOVICH EQUATION AT 30GOK

Leachant a x 10 - 2  a x 10 3

pH = 7 3.33 2.33

pH = 10 2.32 1.25

pH 2 8.77 1.08

Tap water 6.62 1. 15

The data fitted in this manner are shown in Fig. 35, where it is

seen that neir agreement with the Elovich equation is good. Leaching

data reported by other laboratories ( 2 3 - z 5 can also be fitted to this

equation. The fact that leaching data can be fitted to the Elovich equatic-,

at leaEl for short times, should be regarded as a phenomenological iresult
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Fig. 34. Leaching of radioiodine from powdered 1450 0Keutectic
GaO-Al 2 0 -SiO. doped with 1131

75



7- T TA

*WATER

C 6 p.H 2J
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since the 100-p particles were leached a depth cf about 0, I s durina the

tap watei leach, The true leaching mechanism is not understood, Douglas

and Rman, tor instance, :ound a Change in leaching mechanism from

t to a llo.ar time dependency for leaching of sodium and potaisium

from silicatt. It also seems ponsible that the mechaniam depends upon

the speciea being leached, The pH dependenct of leaching found in the

pr sent work is in good agreement with dependencei found by oEher
(27, 28)

authors,

FALLPTUT FAflTIC3. STUDIES

The condened- state W ffusion- li nted model of fission product

absorption during fallout formation suggoeot that the concentration gradients

of some radionuclides are very sharp. This iA the result expected for

radioceciurn, for examnple The importance of dffusio n seems to be

confirmed by the cursory experiment described below,

Some large silicate fallout particles from shot Johnin Boy (supplied

by USNRDL) were microscopically examined and divided into two sets:

coated particles and uncc ited particles Three particles were selected

from the uncoated set for an experimenta Their proas appearance was that

of a somewhat inhomogeneous. dark glass with obviou, nodules of white

Mrterial on the surface Radii, r , were about 0, CS cm. The presence of
0

r .o c as iuz- in the paticles was established by garnma analysis using a

rwiltcha=n.Ae analyzer and a Cs #~ tLadard for reference, Alter the
particles were le %,hed for I hr with 19% HC, no significant loss of

oeslm was obse:ved Leaching Atudies were then made using 5% HP

with oubsequent washing, drying at 110C for 1 hr, gamma analysis, -and

weighing on a microbalanze, Mcrcu.scopic examination of the particles

throughout thle process showed a costinuo s, but not uniform, radial attack,

Thi experirment was concluded when the specimens lost their integrity.

Results ob aind in this experiment are shown in Table 6 where the
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relative average conceiitration, C, of cesium in the leached section is7r
Weight lose, A concentration gradient is apparent in this table. Although

~this gr, dient seems small compared with the model calculations, if a

phenomenoloTy.

Tab e 6

COMPOSIT Ca 1 3 7 PROFILES IN THREE
JOHNIE BOY PARTICLES

r/rKC

0. 973 . . .. .... ..... . 3,4
0,921 . lB
0. 880 . . . . . . . . . . . . . . . . . 6,

CLOUD CHEMISTRY PHENOMENOLOOY

Since its inception at General Atomic, the present program has had

as a goal the tnderstandlng and simulation of nuclear cloud chemistry

Studies have included measuremente of the thernodynanice of condgneed

and gaswous phases, condensed state diffusivities, and eemnental dia.

tributions in fallout Investigations have been made of the kinetic processee-.

agglomeration, condqnaation, and gaseous diffusion, Also, the reported

mathematical fallout chemistry model has been conetructed as a portion

of this program

These wa.me phenomena appear to be thi most important ior future

atudy, The proposed calculational model requires testing against fAlloat

obsurvatioial inLformation, the effect# of other phenomena must be evaluated
* I'critically, and further input information is needed to permit the appropriate

:7171calculations.
78

pJ 48 7 &=j"

,~~~Ak , n 4



2, Norma, J. H ea.d, "Fallout Stdis Calou hem stya Fv~sinm

U. . Nva RaioogialDefense Laboratory Report Nso. USNRDL-FR

4. Martn,_____.____ hem 63, 443 (1959).

S. Noman. "Henr If. LawConstants for Dissnolution Luf rFis sion

'P o'UC 6L i aSilcae FllutParticle Matrix " U. S. Naval Radio-

1,oicl.Dfase abratryReport OA-7O58, General Atomic Div) ions~

Otneal yn-icsCorporation, 1966,
6. ort, R FandJ, 4,Normar, "'A Calculatiohal Modo1 for

Condnse Sttq DffuionControlled Fission Produ.ct Absorption
DuringFalou Fomaton 11U. i.Naval Radlolqgical Defenss Laboratprr .

Reprt A-798,CanralAtomic Division. 0sneral Dynamic4

M&.DixnW, ..H , aook,:, Massey. Inroution to Statistcal Aalsi.,
Mc~LW--1i1 Bok ompnyInc. , Now York, 1951,

7. howen P.0, RffuioninSolids, Mc~raw-Hill Book Company,

S. isaci, . Z Phei.'Chern. 14, 217 (1958). .[

9. tvi 1) L , iscmminsFarad, Soc. 42A, 152 (1946).

10 ateg,0 .J m Chemn. Soc. Sz, 3076 (1930).

*Ij -e

MAI- j 4 104~ 
4

f j1 F $



11. Ralkova, J., Silikaty 6, 258 (1962).

12. Norman, J. H., and H. G. Staley, "Knudsen Cell Measurements

to Determine the Stabilities of Gaseous Cesium and Rubidium Oxides,"

Proceedings of the Fourteenth Annual Conference on Mass Spectro-

metry and Allied Topics, Dallas, Texas, May 22-27, 1966 (to be

published).

13. Brewer, L. , and D. F. Mastick, J. Am. Chem. Soc. 73, 2045 (1951).

14. Klemm, V. W., and H. J. Scharf, Z. Anorg. Allgem. Chem. 303,

236 (1960).

15. White, D., et al., J. Chem. Phys. 39, 2463 (1963).

16. Norman, J. H., and H. G. Staley, "Stability of the Gaseous Alkali

Metal Oxides, " General Atomic Report (to be issued).

17. White, D. , et al. , Thermodynamics of Vaporization of Nuclear

Materials, International Atomic Energy Agency, Vienna, 1962.

18. Miller, C. F. , "Fallout and Radiological Countermeasures,

Vol. I, Stanford Research Institute Project No. IM-4021, 1963.

19. Crocker, G. R. , "Estimates of Fission Product Yields of a Thermo-

nuclear Explosion, " U. S. Naval Radiological Defense Laboratory

Report USNRDL-TR-642, 1963.

20. Crocker, G. R., R. C. Scheidt, and M. D. Connors, "Radionuclide

Input Data for Fission Product Abundance Computations, " U. S.

Naval Radiological Defense Laboratory Report USNRDL-TM-137,

1963.

21. Levin, E. M., C. R. Robbins, and H. F. McMurdie, Phase

Diagrams for Ceramists, The American Ceramic Society, Columbus,

Ohio, 1964.

22. Low, M. J. D., Chem. Rev. 60, 267 (1960).

23. Ralkova, J. , and J. Saidl in Treatment and Storage of High-Level

Radioactive Wastes, International Atomic Energy Agency, Vienna,

1963, p. 347.

30



24. Bonniaud, R., C. Sombret, and F. Laude, ibid. , pp. 366-368,

372-373.

25. Clark, W. E., and H. W. Godbee, ibid, p. 430.

Z6. Hardwick, W. H., ibid., p. 353.

Z7. Ralkova, 3. , and 3. Saidi, ibid., p. 344.

28. Voldan, 3., and M. Palecek, Silikaty 1, 297 (1957).



UIC AgsTrTiT)
Security Classification

DOCUMENT CONTROL DATA- R&D
(Secufty classificatiom nt tf s. body of abstract and Indexing annotattic muet be entered whnn the overall report is clatdslied)

1. ORIGINATING ACTIVITY (Corporate author) I*. REPORT SECURITY C L.ASSIICATION

General Atomic Division Unclassified
General Dynamics Corporation 2b. .Roup

San Diego, California
3. REPORT TITLE

CLOUD CHEMISTR"Y OF FALLOUT FORMATION
FINAL REPORT

4. DESCRIPTIVE NOTES (Typ, of report and incluslve data)

S. AUTHOR(S) (Lat name. first name. Initial.

Norman, John H. and Winchell, Perrin

S. REPORT DATE 7p. ,OTLWo. o, PAGE, No. OF

January 13, 1967 81 29
as. CONTRACT OR GRANT NO. so. ORIGINATORS RaiPORT NUMBER(S)

N228-(62479)67968 and N0022866C0403
h. PROJECT NO. GA-7597

C. 9b. OTH P.R .SPORT NO(S) (Any other number that may be aasi*ned
this t

6.

10. AVA IL ABILITY/LIMITATION NOTICEC

Each transmittal of this5 document outside agencies of the U.S. Government must
have prior approval of the Office of Civil Defense, Office of Secretary of Army.

11. SUPPL EMEN rARY NOTES 12. SPONSORING MILITARY ACTIVITY

Office of Civil Defense,
Office of the Secretary of the Army,
Washington. D. C. 20310

13. ABSTRACT

A transpiration method was used to measure Henry's law constants as a func-
tion of temperature for cesium and rubidium dissolved in eutectic CaO-AlO 3 -SiOZ
Diffusivities of cesium, rubidium, potassium, sodium, indium, tin, and iodine in
this matrix and other matrices were determined with either a vaporization method
or a plane source-sectioning method. Results of calculations obtained by using
I-enry's law constant absorption, condensed state diffusion-controlled calculational
model for fission product distribution in fallout are presented. This scheme leads
to the conclusion that fission product fractionation is mainly a property of the fall-
out particle size distribution and the particle sizes under consideration. Also,
deviations of these calculations from the Miller-model type of calculation are con-
sidered. The stabilities of the alkali metal oxides as determined by Knudsen cell-
mass spectrometric techniques are reported. The species Cs 2 O(g) and Cs 2 O 2 (g),
in particular, exhibit a much higher degree of stability than has been supposed.
Electron microprobe studies of particles from a seeded Eniwetok detonation are
described. Thermal and chemical histories of some particles are traced through
dendritic forms, accretion events, occurrence of the seeding elements, etc.
Results of some leaching studies, as they pertain to the condensed state diffusion-
controlled, fission producL absorption model, are presented.

7U CLSFOR.F147 TU" "UCLASSIFIED

Security Classification



UNC LASSIFI ED
Security Classification

14. KLINK A LINK 8 LINK C
KEY WORDS ROLE WT ROLE WT ROLE WT

Henry's law constants
Fallout furrration
Thermodynamics
Fission products
Transpiration
Alkali metal oxides
Diffusion
Silicates
Fallout
Fallout model
Leaching
Electron microprobe

INSTRUCTIONS

1. ORIGINATING ACTIVITY: Enter the name and address imposed by security clarslfication, using standard statements
of the contractor, subcontractor, grantee, Department of De- such as:
fense activity or other organization (corporate author) issuing (1) "Qualified requesters may obtain copies of this
the report, report from DDC."
2a. REPORT SECURITY CLASSIFICATION: Enter the over- (2) "Foreign announcement and dissemination of this
al security classification of the report, Indicate whether () Fore anno t andhie i t s
"Restricted Data" is included. Marking is to be in accord- report by DDC is not authorized."
ance with appropriate security regulations. (3) "U. S. Government agencies may obtain copies of

this report directly from DDC. Other qualified DDC2b. GROUP: Automatic dowgrading is specified in DOD Di- users shall request through
rective 5200.10 and Armed Forces Induatial Manual. Enter
the group number. Also, when appl'cable, show that optional ."
markings have been used for Group 3 and Group 4 as author- (4) "U. S. military agencies may obtain copies of this

report directly from DDC Other qualified users
3. REPORT TITLE: Enter the complete report title in all shall request through
capital letters. Titles in all caseR should be unclassified.
If a meaningful title cannot be selected without classifica-
tion, show title classification in all capitals in parenthesis (5) "All distribution of this report is controlted. Qua!-
immediately following the title. ified DDC users shall request through
4. DESCPIPTIVE NOTES: If appropriate, enter tne type of ,"
report, e.g., interim, progress, summary, annual, or final. If the report has been furnished tc the Office of Technical
Give the inclusive dates when a specific reporting period is Services, Department of Commerce, for sale to the public, indi-
covered. cate this fact and enter the price, if known.
5. AUTHOR(S): Enter the name(s) of -uthor(s) as shown on IL SUPPLEMENTARY NOTES: Use for additional explana-
or in the report. Enter last name, fCrst name, middle initial, tory notes.
If '.ilitary, show rank and branch of service. The name of
the principal it.thor is an absolute minimum requirement. 12. SPONSORING MILITARY ACT.VITY: Enter the name ofthe departmental project office or laboratory sponsoring (par6. REPORT DAT-- Enter the dare of the report as day, ing for) the reseatch and development. Include address.
month, year, or month, year. If more than one data appears
on the report, use date of publication. 13. ABSTRACT: Enter an abstract giving a brief and factual

summary of the document indicative of the report, even though7a. TOTAL NUMBER OF PAGES: The total page count it may also appear elsewhere in the body of the technical re-
should follow normal pagination procedures, Le., enter the port. If additotaaI space Is required, a continuation sheet shall
number of pages containing information. be attached.

7b. NUMBER OF REFERENCES: Enter the totel number of It is highly desirable that the abstract of classified reports
referencea cited in the report. be unclassified. Each paragraph of the abstract shall end with
8a. CONTRACT OR GRANT NUMBER: If appropriate, enter an indication of the military security classification of the in-
the appliLable number of the contract or grant under which formation in the paragraph, represented as (TS), (S), (C), or (U).
the report was vrittel. There is no limitation cn the length of the abstract. How-
8b, 8c, & Od. Pa-)JECT NUMBER: Enter the appropriate ever, the suggested length is from 150 to 22S words.
military department identification, such as project number, I
subproJect number, system numbers, task number, etc. 14. KEY WORDS: Key words are technically meaningful terms

or short phrases that characterize a report and may be used as9a. ORIGINATOR'S REPORT NUMBER(S): Enter the offi- index entries for cataloging the report. Key words must be
cial report number by which "Se document will be Identified selected so that no security classification is required. Identi-
and controlled by the originamag octivity. This numb,r must fiers, such as equipment model designation, trade name, military
be unique to this report. project code name, geographic location, may be used as key
9b. OTHER REPORT NUMBER(S): If the report has been words but will be followed b" an indication )! technical con-
assigned any othier report numbers (either by the originator text. The assignment of links, rules, and weights is optional.
or by the sponsor), also enter t~his number(s).

10. AVAILABILITY/LIMITATION NOTICES: Enter any lim-
itations on further diss-:,ination of tht report, other than those

UNCLASSIFIED

Security Classification


